I
nbreeding has been shown in almost all species to be associated with impairment of function because of homozygosity of recessive alleles. This occurs across a wide range of traits and suggests a large number of deleterious alleles in the human genome. This has been predicted from the reduced early survival of offspring in first cousin marriages and from similar results in other organisms. [1] [2] [3] As most identified genetic variants causing complex disease in humans are partially recessive 1 we predict that inbreeding in humans might influence a wide range of complex diseases.
Numerous reports on the health effects of inbreeding have focused mainly on its impact on reproduction, childhood mortality, and rare Mendelian disorders. 2 3 For example, a 4-5% increase in childhood mortality has been found in the offspring of first cousin marriages, and similar results have been reported in other species. 2 4 5 However, the effects of inbreeding on late onset disorders are largely unknown, despite the fact that deleterious effects of inbreeding in other species are known to increase with age, as predicted by selection theory. 6 7 The reported finding of greater inbreeding effects for traits such as blood pressure and serum cholesterol in middle age compared with early adult life is consistent with this. 8 In order to investigate the hypothesis that the heritable component of late onset diseases includes a major class of deleterious recessive alleles, 9 we recently studied the effects of inbreeding on blood pressure among 2760 adult individuals from 25 villages in a Dalmatian island isolate. The study showed a large effect of inbreeding on blood pressure equivalent to a rise in systolic blood pressure of ,20 mm Hg and diastolic blood pressure of ,12 mm Hg in offspring of first cousin marriages. The effect appeared to be mediated by several hundred recessive alleles as a result of increased homozygosity. 10 In support of this finding, several studies of small inbred communities worldwide have reported an increased prevalence of hypertension. 8 11-15 In the present study, we extend this observation by investigating the relation between inbreeding and the prevalence of 10 late onset complex diseases of public health importance. The study was carried out in 14 of the original 25 isolate villages on three neighbouring islands in middle Dalmatia, Croatia. These island populations present a wide range of levels of inbreeding and endogamy, reduced genetic variation at both individual and (sub)population levels, and relative uniformity of environment, 10 16-18 and thus provide a good setting for investigating inbreeding effects.
METHODS

Study cohort
The village populations of three neighbouring islands in the eastern Adriatic, part of Middle Dalmatia, Croatia (Brac, Hvar, and Korcula, see fig 1) , represent well characterised genetic isolates. The tendency towards inbreeding in each village has been influenced by geographic isolation, political (''Pastrovic'') privileges given to residents of certain communities, and sociocultural factors. [16] [17] [18] A survey of 1339 adult individuals selected randomly from voting lists to form approximately 20-30% of the total population of these 14 villages was undertaken in late 1970s and early 1980s by the Institute for Anthropological Research in Zagreb in collaboration with the Smithsonian Institute, Washington, USA. The mean adult ages in individual villages varied from 41 to 65 years (detailed age/sex profiles for each village are given in appendix 1). For each individual, information was collected on the highest level of education, occupation, diet, smoking habits, and body mass index (table 1) .
Computation of individual inbreeding coefficients
A single researcher (IR) computed individual inbreeding coefficients for each study participant, based on pedigree information on four to five ancestral generations, recorded during the initial field work and supplemented by a study of parish registries. The individual inbreeding coefficients (F) were then computed according to Wright's path method 19 :
where m i and n i refer to the number of paths from a common ancestor, and c refers to the number of common ancestors. The genealogical inbreeding coefficient for each village was then computed as the average of all individual F values. To further support these estimates, F was calculated from isonymy as suggested by Tay and Yip, 20 and mean values
Key points
N From arguments derived from population genetics, we
propose that the genetic basis of common late onset diseases includes a major class of deleterious recessive alleles. Inbreeding is therefore predicted to increase the incidence of such diseases.
N Among 10 late onset conditions studied in a genetic isolate population, inbreeding was found to be a significant (positive) predictor for coronary heart disease, stroke, cancer, uni/bipolar depression, asthma, gout, and peptic ulcer, but not for type 2 diabetes N It appears that inbreeding causes an increase in homozygosity at many genetic loci with small deleterious effects on homeostatic pathways, resulting in increased disease risk.
N The results indicate that between 23% and 48% of the incidence of these disorders in this population sample (other than type 2 diabetes) could be attributed to recent inbreeding. The global impact of inbreeding could thus be substantial, as an estimated one billion people globally show rates of consanguineous marriages greater than 20%.
were derived for each of the 14 villages. Estimates based on isonymy are generally thought to be positively biased, and so to provide an upper bound for F (table 1) . standardised by sex and age to the total population of all 14 villages included in the study, using 10 year age intervals and direct standardisation.
In an attempt to overcome the possible confounding effects of unmeasured environmental exposures or population stratification, the relation between individual inbreeding coefficients and disease outcomes was investigated among the 480 individuals. Data on age, sex, education, occupation, diet, smoking status, village of residence, height, weight, and individual inbreeding coefficient (F) were analysed in a logistic regression with disease status as the outcome. Age and sex were forced into the prediction model irrespective of whether they were formally significant. Other main effects (inbreeding, smoking, height, weight and village) were entered with p = 0.05, and all higher order effects and interactions with p = 0.01.
Population attributable risk
Population attributable risk (PAR) estimates for inbreeding were calculated by logistic regression, allowing for individual differences in the variables village, sex, age, height, weight, and smoking. The appropriate regression was determined as a function of all associated variables (including F), then the probability for each individual of having the disease outcome was calculated assuming an F value set at 0. The sum of all such probabilities, P sum , is an estimate of the number affected in the absence of inbreeding, but with other variables remaining unaltered. Then PAR = 12P sum /N aff , where N aff is the actual number of affected individuals. In deriving the PAR values, the effects estimated from the subset of 14 villages were applied to the full dataset from all villages.
The original survey was carried out with the informed consent of the participants and ethical approval for the recent field work and analyses was granted by the appropriate research ethics committees in Scotland and Croatia. Table 1 presents selected characteristics of the study villages: number and name of village, island, average inbreeding coefficients computed from genealogical data and from isonymy, education level, occupation, diet, smoking, and body mass index. The table presents village data in three groups defined by the average level of inbreeding. The allocation of villages to these three groups according to the estimates of F based on genealogy (F gen ) is broadly consistent with those based on isonymy (F iso ). On a log-log scale, the correlation between the two measures of inbreeding across villages was 0.92, with F iso exceeding F gen on average by a factor of 1.32. Table 2 presents age and sex standardised disease prevalence data for each of the 10 diseases under investigation. A stepwise increase in disease prevalence across villages stratified by (increasing) average inbreeding coefficient was found for gout, depression, peptic ulcer, schizophrenia, cancer, epilepsy, coronary heart disease, and asthma (the last two not statistically significant). Table 3 includes data from 480 individuals from 14 villages, with age and sex forced into the multiple logistic regression model. Other main effects (inbreeding, smoking, log_weight, log_height, and village) were entered with p = 0.05, and all higher order effects and interactions with p = 0.01. Schizophrenia and epilepsy were excluded from this analysis because of the small number of cases (four each) and thus low study power to investigate predictors for these conditions. Inbreeding remained a significant (positive) predictor for every condition except type 2 diabetes. The forced inclusion of age and sex in the model acted to reduce slightly the significance of the effect of inbreeding, because of a small positive correlation between inbreeding and age. Village of residence was found to be a significant predictor only for coronary heart disease. Weight was a significant positive predictor for type 2 diabetes and gout and a significant negative predictor for cancer.
RESULTS
In terms of health impact, the results on population attributable risk (table 3) show that 23-48% of the incidence of these disorders (other than type 2 diabetes) in this population can be attributed to recent inbreeding.
DISCUSSION
The impact of inbreeding on reproduction, childhood mortality, and Mendelian disorders is well documented. 2 3 In contrast, very little has been published on the effects of inbreeding on late onset diseases. This is despite the fact that inbreeding may have a greater influence on late onset traits than on traits that are subject to early selection. 6 7 This study shows an important effect of inbreeding on several genetically complex late onset diseases which are of major public health importance. This is consistent with our proposal that an important genetic influence on these disorders is mediated by numerous deleterious recessive alleles, suggesting that inbreeding increases disease risk as a result of increased homozygosity. 9 Validity of findings It is important to consider whether these results can be explained by chance, bias, or confounding.
Chance
The fact that this was our major a priori hypothesis, taken together with the levels of statistical significance reported, argues strongly against chance as an explanation for these findings.
Bias
With respect to selection bias, the 480 individuals on whom we were able to obtain disease outcome data were a subset of the original cohort from 1979-81. However, census data revealed that the major reason for loss to follow up, other than deaths of cohort members, was emigration from the villages over the 20 year period, which should not result in substantial bias. With respect to measurement bias, we do not believe that disease outcomes were ascertained or recorded differently among individuals who differed by inbreeding status. Standard and explicit clinical criteria were adopted by the two study doctors, who were blind to the inbreeding status of individuals. Furthermore, the results cannot be explained by different diagnostic practices in different villages, as the village term was not found to be statistically significant in the multiple logistic regression analysis (except for coronary heart disease).
Confounding
Various potential confounding factors (age, sex, smoking status, education level, general diet, occupational group, height, weight) were measured and their effects adjusted for in the multivariate analysis. Although a degree of imprecision is inevitable in measuring some of these factors, we do not believe that confounding could have accounted for the large and consistent effects demonstrated.
Factors supporting the validity of the data
Several factors support the validity of the data. First, the findings support our prior hypothesis and are consistent with similar findings on hypertension in the same population 10 and with other reports of inbreeding effects on blood pressure. 8 11-15 Second, the overall strength of the effect argues against bias or confounding. Third, we have presented detailed arguments that biologically plausible mechanisms underpinning this effect are consistent with population genetic theory and observations in a wide range of organisms. 9 Finally, the data are consistent with the few other published reports of inbreeding effects on late onset diseases in which inbreeding was measured rather than self reported (table 4) .
Size of inbreeding effect in late onset diseases
The magnitude of the inbreeding effect on disease prevalence was large. However, the effect on prevalence of stroke and coronary heart disease, for example, is consistent with our previous report of a rise in diastolic blood pressure by 2 mm Hg for an increase in F of 0.01, 10 and both cohort studies and randomised trials show that an increase of 5 mm Hg diastolic blood pressure is associated with a 33% increase in stroke risk and a 20% increase in risk of ischaemic heart disease. 21 The effect size is supported by the only two previously published estimates of inbreeding on blood pressure that we could identify in other isolate populations. 8 11 The large effect may reflect the greater influence of inbreeding on late onset traits than on traits that are subject to early selection. 6 7 It is also possible that low environmental variation, or underestimation of F because of individuals being related through multiple lines of descent, contribute to the size of inbreeding effect in these isolate populations. 8 11 15 22 Thus the magnitude of the inbreeding effect relative to the overall variation may be smaller in more environmentally diverse populations.
The ecological analysis at the village level (table 2) suggests an inbreeding effect on the prevalence of epilepsy and schizophrenia, but there were insufficient outcome events to permit an analysis at the individual level. The effect of inbreeding was shown in seven of the other eight diseases studied. The lack of observed effect of inbreeding on type 2 diabetes may reflect the lower heritability and stronger environmental influences involved in the aetiology of this condition 23 or heritable components that are mainly additive or dominant rather than recessive.
Mechanism of inbreeding effects in late onset diseases
We have argued that the genetic component of late onset diseases may be due principally to large numbers of rare variants in numerous genes-the common disease/rare variant (CD/RV) hypothesis. 9 The possibility that a significant fraction of the genetic variation in complex traits is caused by rare alleles maintained by mutation-selection balance is Case-control study, population based (self reported exposure status) Decreased risk of breast cancer among women who self reported being offspring from consanguineous unions, no effect on cervical cancer Increased risk associated with greater inbreeding coefficient (relative risk of 3 per 3% inbreeding) *These studies are based on self reported consanguinity which in our experience is unreliable as most ''inbreeding loops'' are found in the third and fourth parental generations and are thus unknown to most people. consistent with extensive research into the genetics of quantitative traits in simpler organisms. 7 Recent estimates 24 suggest that each person carries, on average, 500-1200 slightly deleterious mutations, most of which are rare and present in heterozygous form. Many of these variants will become homozygous in inbred individuals, who are expected to show correspondingly large effects. We have previously reported an estimate of several hundred recessive genes underlying human hypertension, 10 consistent with a complex and genetically highly variable system of blood pressure control and with published work from spontaneous and engineered animal models of hypertension. 25 26 The late onset disorders under investigation in this study are likely to be similarly complex at a physiological level so that significant effects of inbreeding are again expected.
The observed effect of inbreeding on the prevalence of several different late onset diseases is consistent with the presence of many deleterious recessive alleles located throughout the genome. It is also consistent with a more general effect of inbreeding, with increased homozygosity at these loci leading to an accumulation of small deleterious effects on homeostatic pathways, which cumulatively increase disease risk. This suggests a greater sensitivity of homeostatic mechanisms to inbreeding in later life, as predicted by findings in animals. 5 6 Decay of homeostatic capacity would also be expected to lead to reduced capacity to respond appropriately to diverse stimuli. This is supported by the recently reported observation that the reduced survival found in inbred animals is greater in the natural habitat than in a controlled laboratory environment. 27 The inbreeding data do not allow an easy distinction to be made between the relative contributions of common versus rare variants but do inform two somewhat neglected aspects of the genetic architecture underlying complex diseases. 9 First, the results provide indirect evidence in support of a major polygenic component to disease susceptibility. The inbreeding coefficient is shown to be a significant predictor of coronary heart disease, stroke, cancer, depression, asthma, gout, and peptic ulcer, with population attributable risks varying between 23% ands 48% (table 3) . Second, the recessive or partially recessive nature of complex disease susceptibility has received little emphasis. Both factors have implications for the identification of individual disease susceptibility alleles. If disease susceptibility is indeed highly polygenic then it implies the need to reduce the phenotypic complexity of ''disease'' by means of genetically simpler but contributory quantitative traits (QT) or disease subgroups. Those with extreme values of QT distributions or early disease age of onset will be those most likely to harbour susceptibility alleles of large effect and hence to provide a realistic possibility of gene identification. A significant component of genetic susceptibility appears to result from variants that are recessive or partially recessive. This implies that the study of inbred populations would be advantageous, as the increased gene dosage of such variants in inbred individuals will tend to amplify their phenotypic effects compared with outbred populations, where most alleles are present in heterozygotes.
Public health implications
The population attributable risk estimates from this study suggest that 23-48% of the incidence of the disorders showing an inbreeding effect in this population can be attributed to inbreeding. We have previously reported that 36% of hypertension incidence in this population can be attributed to inbreeding. 10 These estimates are specific to this population and may be absent or considerably smaller in other populations. Nevertheless, inbreeding is highly prevalent globally and inbreeding effects may explain some of the observed differences in disease prevalence among different populations. Consanguineous marriages, defined as a union between individuals related as second cousins or closer (equivalent to F >0.0156 in their progeny), have been conservatively estimated to occur at 1-10% prevalence among 2811 million people globally and at 20-50% prevalence among 911 million. 28 29 In addition, the extent of inbreeding even in outbred populations may have been underestimated. 30 Further details, including updated tables of global consanguinity studies, can be found at www.consang.net. The global impact of inbreeding on late onset disorders of public health importance could therefore be significant in health economic terms. This effect may be mediated by the observed inbreeding effect on important physiological traits such as blood pressure 10 and cholesterol, 8 recently shown to be two of the most important determinants of the global burden of disease. 31 As inbreeding declines owing to increased population movement and admixture, the prevalence of late onset disorders may also decline, and as common late onset diseases are correlated with longevity, 32 this may influence life expectancy. 
